Perovskite rare-earth titanates are key materials to understand emergent phenomena caused by the coupling of the electron, lattice, spin, and orbital degrees of freedom. They are strongly correlated Mott insulators, with a single electron occupying the Ti t 2g orbitals. Magnetic ordering is closely coupled with distortions and tilts of the Ti-O octahedra in the orthorhombic GdFeO 3 structure (space group Pbnm) that all rare-earth titanates adopt, and which removes the orbital degeneracy. [1] [2] [3] Two distinct types of orbital polarization, namely, ferro-orbital and antiferro-orbital ordering, have been reported, and are compatible with Pbnm symmetry. [4] [5] [6] [7] [8] [9] Ferroorbital ordering is found in the antiferromagnetic (AFM) titanates, which also exhibit smaller GdFeO 3 -type distortions (A = La. . .Sm in the chemical formula ATiO 3 ), whereas antiferro-orbital ordering is found in the ferromagnetic (FM) titanates that also have larger distortions (A = Gd. . .Y).
The GdFeO 3 structure is characterized by a − a − b + -type octahedral tilts in Glazer notation. 10 The two degrees of freedom in the Pbnm space group (x and y) allow the A-site cations to shift to a more energetically favorable position. The amount of displacement depends on the octahedral geometry. 11 The degree of the GdFeO 3 -type distortion appears to be a primary factor determining the transition from AFM to FM ordering, and the ordering temperature. 1, 3, 12, 13 Nevertheless, the relative roles of orbital-lattice coupling and structural distortions in this transition remain a subject of significant debate. 6, 12, 14, 15 Epitaxial mismatch strains in heterostructures and the need for interfacial connectivity of the oxygen octahedra offer distinct and precise ways of tuning octahedral rotations and distortions without chemical substitution. 16, 17 This may allow for controlling orbital-lattice coupling, and thus the magnetic properties, as well as insights into materials physics not possible with bulk materials.
In this Rapid Communication, we report on the local structure and magnetism of GdTiO 3 films that are sandwiched between cubic SrTiO 3 with the goal to understand how rigidly the magnetic interactions are coupled to the octahedral tilts in a prototype FM rare-earth titanate. In GdTiO 3 , the ferromagnetic Ti array couples antiferromagnetically to the Gd ions, resulting in net ferrimagnetism. 12, 13, 18 The AFM Gd-O-Ti interactions are believed to be weaker than the ferromagnetic Ti-O-Ti interactions.
12 GdTiO 3 is just on the FM side of the FM-AFM phase boundary; therefore, if the FM character is sensitive to octahedral rotations and distortions, significant effects on its magnetism with structural modifications may be expected.
In a previous study we have shown that approximately 1-3 GdO planes near the interface with SrTiO 3 exhibit a significant reduction in Gd displacements, and thus octahedral tilts, while in the interior of the GdTiO 3 layers these displacements agreed reasonably well with bulk values. 19 Thus the need to maintain interfacial oxygen octahedral connectivity is mostly accommodated within the interfacial GdTiO 3 . This suggests that by further decreasing the thickness of the GdTiO 3 , the octahedral distortions in the entire GdTiO 3 layer can be modified. 20,21 A 20-nm GdTiO 3 film was grown directly on LSAT, while GdTiO 3 layers of 3.5, 2.4, and 2.0 nm thicknesses (ten, seven, and six GdO layers, respectively) were grown in a superlattice structure with 5 nm of SrTiO 3 spacers. Superlattices contained either five or ten GdTiO 3 layers, and thus approximately the same amount of GdTiO 3 , by volume, as the 20-nm sample. They had 10-nm SrTiO 3 buffers and caps, respectively.
The magnetization was measured in a superconducting quantum interference device magnetometer (Quantum Design) with the magnetic field in the plane of the film. Cross-section transmission electron microscopy (TEM) foils were prepared by focused ion beam (5-kV Ga ions) and imaged using a field emission FEI Titan S/TEM with a super-twin lens (C s = 1.2 mm) at 300 kV, using a 1024 × 1024 frame size and 30 μs dwell time. The convergence angle was 9.6 mrad. A deviation angle (180
• − θ ), was used to quantify the A-site (Gd, Sr) displacements, where θ is the angle between three successive A-site cations [see Fig. 1(a) ]. A-site positions were determined from multiple high angle annular dark field (HAADF) images of each layer. Atomic centroid positions were extracted using a custom MATLAB algorithm. 22 Orientation domains in GdTiO 3 are present (see Refs. 19 and 20) . All images were taken along [110] O , as A-site displacements can be discerned along this direction. 19 While MBE provides near-monolayer thickness control, substrate miscut and surface steps cause uncertainties of ±1 atomic plane in estimates of the layer thickness along the growth direction. of layers with the nominal thicknesses were selected for further analysis. Representative HAADF images of different GdTiO 3 thicknesses are shown in Fig. 1 . Octahedral tilts were characterized using position averaged convergent beam electron diffraction (PACBED). 17, 23, 24 PACBED patterns were recorded from areas of approximately four pseudocubic unit cells (slightly larger than the primitive orthorhombic unit cell projection), at the center of each GdTiO 3 film.
A-site cation displacements for each AO plane along the growth direction are shown in Fig. 2 for different GdTiO 3 thicknesses. Shaded areas indicate the GdTiO 3 layer, which can easily be identified from HAADF image intensities. The dashed line represents the average (∼100 atomic rows over four images) deviation angle, ∼15
• , of the 20-nm GdTiO 3 film, which matches that of bulk GdTiO 3 . As discussed elsewhere, 19 SrO planes show no Sr displacements (the apparent deviation angle of ∼1
• is due to noise and instability, and serves as a measure of the error). About one to three GdO planes near the interface show reduced deviation angles in all samples, as discussed above. GdTiO 3 quantum wells of 3.5, 2.4, and 2.0 nm (ten, seven, and six GdO layers, respectively) show reduced deviation angles also in the films' interior, not just at the interface. For the 3.5-and 2.4-nm films, the deviation angle is constant at the center, slightly reduced from bulk for the 3.5-nm film (∼14
• ), and with a significantly reduced value for the 2.4-nm film (∼11 • ). In the 2.0-nm film, the deviation angle is ∼10
• in the center and then continuously decreases towards the interface.
To confirm that Gd displacements correlate with the octahedral tilts and distortions, as they do in bulk, PACBED was carried out. Figure 3 shows simulated [110] O PACBED patterns (Kirkland multislice code 25 ) for different octahedral tilts (rows) and Gd displacements (columns). It can be seen that the symmetry and features in PACBED are sensitive to the octahedral tilts, whereas the effects of Gd displacements are minor. Patterns without octahedral tilts (top row) show a dark concave octagonal shape, along with four "cross-shaped" regions within the central disk, while tilted patterns (bottom row) appear squarer, "lenslike" in the center and triangular corners. These features remain consistent regardless of Gd displacements. Figure 4 compares experimental and simulated PACBED patterns. For the simulations, the octahedral tilts and distortions are varied; the degree of distortion is based on the Gd-site displacements obtained from Fig. 2 , and interpolation using bulk rare-earth data. 12 The top halves of the simulated patterns are convolved with a Gaussian function to account for the experimental point spread function and show good agreement with the experiment. As the octahedral rotations decrease, the GdTiO 3 PACBED becomes more "SrTiO 3 -like," (i.e., cubic). The measured magnetization includes the diamagnetic and paramagnetic responses from the SrTiO 3 layers, the LSAT, and a Ta backing layer. Although all samples were similar in size and contained comparable amounts of GdTiO 3 , small size and thickness variations of substrate and backing layer are unavoidable. Isolating the GdTiO 3 response could not be done due to the superlattice structure. Therefore, conclusions about parameters that depend on the volume (saturation magnetization) should be made with care. The Curie temperature (T c ) and coercivity are, however, properties of only the FM GdTiO 3 . The T c of the 20-nm film (∼30 K) agrees well with the bulk. 12, 13, 18 All GdTiO 3 layers with thicknesses greater than 2.0 nm are FM, but their T c decreases continuously with decreasing thickness (see arrows).
Comparing Figs. 2 and 5 reveals that the reduction in octahedral tilts causes a decrease in T c . This behavior is expected by analogy with the bulk rare-earth titanates, which show a decrease in T c with increasing bandwidth (reduced distortions), consistent with band ferromagnetism. 26 However, a quantitative comparison of film and bulk data reveals significant differences. Figure 6 shows the magnetic phase diagram as a function of deviation angle for thin films and bulk, respectively. In bulk, a transition from AFM to FM ordering occurs between Gd and Sm, at a deviation angle of ∼15
• . In contrast, in the layers, the critical angle for FM behavior to vanish is 10.5 ± 1
• . This deviation angle is comparable to that of AFM LaTiO 3 , which has the smallest GdFeO 3 -type distortion among all the rare-earth titanates, and is barely insulating.
The important conclusion is that FM ordering and antiferro-orbital ordering are not as strongly dependent on the orthorhombic distortion as may be implied from (naive) interpretation of the bulk phase diagram. Rather, the results support a picture of a direct interaction between orbital orderingwhich determines the magnetism-and the lattice, somewhat independent from the degree of orthorhombic distortion. This interpretation is in agreement with recent reports of structural anomalies at the magnetic ordering temperature, which also support a direct lattice-orbital coupling. 12 Takubo and coauthors found that in the AFM rare-earth titanates, the orbital ordering changes at the ordering temperature, also suggesting a direct interaction. 6 The FM rare-earth titanates thus appear to closely match models of narrow band, insulating, one-electron systems [27] [28] [29] with a FM ground state. In these systems, antiferro-orbital ordering in conjunction with intra-atomic exchange results in ferromagnetism at a temperature below the orbital ordering temperature. The 4f 7 configuration of the Gd ions ensures no orbital angular momentum contributions from the Gd, suggesting the interatomic exchange field-even at lower Ti-O-Ti bond angles-favors the FM ground state.
The FM ground state only vanishes in the 2.0-nm film that does not contain any continuous planes with the same Gd displacements (octahedral tilts) anymore. This may make long-range, coherent orbital ordering 14 An open question that could not be answered is why deviation angles are already reduced in the interior of films that are still thicker than (twice) the thickness needed to accommodate the oxygen octahedral connectivity at the interface with SrTiO 3 . Theoretical simulations that consider long-range structural coherencies, as well as possible coupling with or between the high-density two-dimensional electron gases that are located at the interfaces in the SrTiO 3 (Ref. 30) may be needed to understand this.
Finally, we note that the results are consistent with the hypothesis that "magnetic dead layers," widely reported for many perovskite films, are caused by interfacial structural distortions due to oxygen octahedral connectivity constraints. Suitably designed heterostructures (i.e., interfaces with smaller degrees of tilt mismatch) may be able to mitigate this. 
